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ABSTRACT 


In  this  thesis,  the  theory  behind  a  separate -winding  exeitation  direct  current  (DC)  motor 
and  profde  of  the  motor’s  torque  versus  rotor  speed  is  studied.  The  torque  versus  rotor 
speed  profile  results  are  predictably  linear  at  a  given  armature  voltage. 

Output  torque  of  a  separate-winding  excitation  DC  motor  is  proportional  to  the 
armature  current.  From  this  theory,  a  program  was  written  in  Simulink  with  Xilinx 
embedded  software  to  enable  a  user  to  command  the  DC  motor  torque  through  a 
Graphical  User  Interface  (GUI).  The  command  is  then  converted  to  control  armature 
current  through  a  Field  Programmable  Gate  Array  (FPGA)  to  the  DC  motor.  The 
armature  current  level  is  maintained  through  a  programmed  Proportional  Integral  (PI) 
Controller  to  keep  output  torque  constant  regardless  of  armature  voltage  and  rotor  speed. 
This  result  is  a  way  to  command  constant  output  torque  to  a  DC  motor. 
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EXECUTIVE  SUMMARY 


The  research  completed  in  this  thesis  investigates  the  theory  behind  separate-winding 
excitation  DC  motor  operation  in  order  to  design  a  way  to  command  and  control  torque 
through  a  user  interface.  Previous  research  on  a  doubly-fed  induction  generator  (DFIG) 
control  system  that  uses  a  DC  motor  to  provided  variable  input  torque  did  not  offer  an 
accurate  means  of  providing  specifically  defined  input  torque. 

There  are  a  many  different  ways  to  operate  a  DC  motor.  The  basic  separate¬ 
winding  excitation  setup  was  selected  because  of  its  ease  and  known  predictability.  A 
separate-winding  excitation  DC  motor  was  step  up  and  tested.  The  figure  below  shows 
the  how  the  DC  motor  behaved  in  regards  to  the  motor’s  output  electric  torque  versus 
rotational  speed  at  a  given  armature  voltage  (Va). 


Electric  torque  versus  rotational  speed  for  a  separate-winding  excitation  DC  motor 
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A  program  was  written  in  Matlab/Simulink  software  with  Xilinx  embedded 
software  that  uses  a  Field  Programmable  Gate  Array  (FPGA)  system  to  operate  the  DC 
motor.  Using  the  theory  validated  on  the  separate-winding  excitation  operational  setup, 
we  wrote  a  program  to  take  a  user  defined  torque  combined  with  the  measured  rotor 
speed  to  provide  the  correct  armature  voltage  to  the  DC  motor.  Flowever,  the  program 
did  not  initially  work  because  the  program  was  written  for  constant  rotor  speed  and  user 
defined  torque.  When  load  was  applied  to  the  DC  motor,  the  rotor  speed  changes,  and 
consequently,  the  armature  voltage  and  current  changes.  By  having  varying  armature 
current,  the  motor  had  varying  output  torque. 


From  DC  motor  theory,  output  torque  is  also  directly  proportional  to  armature 
current  (U).  From  this  theory,  the  program  was  altered  to  take  the  user  defined  torque 
and  apply  the  correct  armature  current  to  the  DC  motor.  The  armature  current  was  also 
stabilized  through  a  PI  controller  to  keep  the  average,  armature  current  constant  and, 
therefore,  keep  the  output  torque  constant  regardless  of  rotational  speed  and  load 
variations.  The  following  two  figures  show  constant  armature  current  on  channel  3  at 
different  speeds  and  armature  voltages. 


Ch2  Mean 
110  V 


Ch3  Mean 
550mA 


21  Nov  2010 
16:13:45 


Armature  voltage  and  current  at  4  Ibf-in  commanded  and  1900  rpm 


XIV 


Trig’d 


Ch2  Mean 
85.9  V 


Ch3  Mean 
552mA 


21  Nov  2010 
16:08:09 


Armature  voltage  and  current  at  4  Ibf-in  commanded  and  1500  rpm 


In  summary,  separate-winding  exeitation  DC  motor  operational  theory  was 
validated.  A  program  was  then  written  to  output  user  defined,  torque  from  the  DC  motor. 
The  double-fed  induetion  generator  eontrol  system  or  any  other  research  requiring  a  DC 
motor  with  commanded  torque  now  has  a  controlled  means  of  operation  for  further 
research  opportunities. 
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I.  INTRODUCTION 


A.  BACKGROUND 

U.S.  Federal  Agencies  have  been  ordered  by  the  President,  and  directed  by  law,  to 
increase  their  use  of  renewable  energy  sources.  The  Energy  Policy  Act  of  2005  requires 
by  the  year  2013  that  7.5  percent  of  electrical  energy  used  by  federal  agencies  come  from 
renewable  energy  sources.  This  goal  must  increase  to  25  percent  total  facility  energy 
consumption  by  the  year  2025  [1].  With  the  move  towards  renewable  and  recyclable 
energy  creation,  it  becomes  apparently  clear  that  shifting  energy  consumption  on  federal 
installations  towards  non-fossil  fuel  technology  is  needed. 

Wind  technology  is  increasing  growing  and  reliable  source  of  renewable  energy 
consumption.  According  to  the  American  Wind  Energy  Association,  the  installed 
capacity  of  wind  grew  at  an  average  of  twenty-nine  percent  per  year  from  2002-2007  [2]. 
Harnessing  this  technology  for  use  on  federal  installations  and  improving  the  efficiency 
of  the  system  would  add  to  the  goal  of  reducing  fossil  fuel  energy  consumption  on  federal 
installations. 

In  December  2009,  the  Naval  Postgraduate  School  finished  developing  a 
laboratory  doubly-fed  induction  generator  (DEIG)  control  system  [3].  The  DEIG  control 
system  is  designed  to  provide  stable  electric  power  from  wind  turbines.  A  DEIG  system 
is  shown  in  Eigure  1  [4]. 
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Figure  1 .  Doubly-fed  induction  generator  wind  turbine  system,  from  [4]. 

To  simulate  wind  speed  and  torque  provided  to  the  DFIG,  the  DFIG  is 
mechanically  pushed  by  a  direct  current  (DC)  motor  shown  in  Figure  2. 


Figure  2.  Doubly-fed  induction  generator  wind  turbine  system  modified,  from  [4], 


2 


Use  of  a  DC  motor  [3]  is  a  cheap  and  efficient  way  to  provide  torque  and  speed  to 
the  system  for  lab  testing.  However,  the  torque  provided  by  the  DC  motor  used  in  [3]  is 
unmeasured  and  undetermined  as  to  how  much  torque  is  being  provided  to  the  DFIG 
system. 

B,  OBJECTIVE 

The  purpose  of  the  thesis  was  to  have  a  better  understanding  how  DC  machines 
operate  in  order  to  choose  the  correct  setup  to  provide  the  best  output  torque.  The  setup 
chosen  should  be  easily  predictable  on  performance  for  easier  control.  After  choosing  the 
best  DC  motor  setup  for  torque  and  predictability,  we  wrote  a  user-friendly  program  to 
command  accurate  and  sustained  output  torque  to  a  DC  motor. 

C.  APPROACH 

The  approach  of  this  thesis  was  based  on  analysis  of  separate-winding  excitation 
setup  of  a  DC  motor.  Following  validation  of  the  theory,  we  wrote  a  computer  program 
to  allow  a  user  to  command  how  much  electric  torque  the  DC  motor  will  output.  First,  a 
basic  understanding  of  the  theory  of  DC  motor  operation  and  behavior  of  separate¬ 
winding  excitation  setup  is  required  before  programming  can  be  developed.  The  DC 
motor  theory  was  researched  from  [5],  [6],  and  [7].  Next,  the  components,  equipment, 
and  software  were  selected.  Most  of  the  equipment  that  was  required  were  the  same  as 
used  in  [3],  with  the  exception  of  an  electro-dynamometer  that  was  used  in  place  of  an 
induction  generator  to  provide  offsetting  electric  loads  and  the  ability  to  measure  output 
torque.  Finally,  a  program  was  written  based  on  DC  machine  theory  using 
Matlab/Simulink  and  Xilinx  software  to  program  a  Field  Programmable  Gate  Array 
(FPGA)  to  control  voltage  or  current  to  the  motor.  A  Graphic  User  Interface  (GUI)  was 
used  to  order  up  desired  output  torque  of  the  DC  motor. 
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D,  THESIS  ORGANIZATION 

This  thesis  is  organized  with  the  theory  of  separate-winding  exeitation  DC 
motors,  including  the  equations  that  represent  torque,  rotor  speed,  field  and  armature 
currents  and  voltages,  covered  in  Chapter  II.  These  values  are  profiled  for  the  Labvolt 
DC  motor  used  for  testing. 

Two  computer  simulation  models  were  written  in  Simulink  and  are  detailed  in 
Chapter  III.  Test  setup  and  results  for  each  test  is  presented  and  performance  is  explained 
in  detail. 

Results  of  the  testing  and  conclusions  about  the  DC  motor  performance  are 
addressed  in  Chapter  IV.  Recommendations  on  future  work  are  suggested  for  additional 
research  regarding  DC  motor  commanded  torque. 

Date  sheets  for  equipment  used,  Matlab  code,  Simulink  models,  a  hexadecimal 
conversion  datasheet  for  desired  torque  output  on  the  Graphical  User  Interface  (GUI)  are 
detailed  in  the  Appendixes. 
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II.  DC  MACHINE  THEORY 


A.  INTRODUCTION 

In  this  chapter,  the  theory  of  DC  motor  operations  is  reviewed  from  referenee  [5]. 
The  theory  is  then  validated  by  testing  the  setup  of  a  120-volt  DC  motor  to  validate  the 
theory.  Finally,  the  results  of  the  Labvolt  DC  motor  operations  test  are  documented  for 
future  research  opportunities. 

B,  DC  MOTOR  THEORY 

1.  Overview 

There  are  multiple  ways  to  operate  a  DC  machine,  either  as  a  motor  or  a 
generator.  For  this  thesis,  a  motor  operation  is  selected  beeause  our  main  objeetive  is  to 
control  output  torque  of  a  DC  motor  to  drive  a  DFIG  [3].  A  DC  motor  ean  be  set  up  in 
multiple  ways.  Four  different,  ways  to  eontrol  torque  are  deseribed  in  [5]:  Separate- 
Winding  Excitation,  Shunt-Connected,  Series-Connected,  and  Compound-Connected. 

Separate-Winding  Excitation  is  a  simple  setup  where  the  circuit  is  separated  into 
two  separate  cireuits.  One  side  is  a  field  circuit  that  is  used  to  produce  a  field  flux  and 
the  other  side  is  an  armature  eircuit  that  provides  current  to  the  rotor  via  brush  and 
eommutator.  The  interaetion  of  the  field  flux  and  armature  eurrent  in  the  rotor  produees 
torque.  The  remainder  of  this  thesis  will  focus  on  Separate-Winding  Excitation,  which 
will  be  explained  in  more  detail  later  on. 

A  Shunt-Connected  DC  motor  uses  the  same  theory  as  Separate-Winding 
Exeitation  with  the  exception  that  the  two  circuits  are  connected  in  parallel  instead  of 
having  separate  voltage  sourees.  By  connecting  the  circuits  in  parallel,  the  field  voltage 
is  equal  to  the  armature  voltage.  A  Shunt-Conneeted  DC  motor  is  the  most  common 
industry  setup  because  the  motor  will  run  at  eonstant  speed  regardless  of  load.  Its 
disadvantage  is  the  torque  potential  of  the  motor  will  drop  as  more  load  is  plaeed  on  the 
motor.  A  field  rheostat  is  eommonly  used  to  adjust  the  field  current  to  eontrol  the  rotor 
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speed  of  the  DC  motor.  Example  uses  of  a  Shunt-Conneeted  DC  Motor  are  maehine 
lathes  and  manufaeturing  lines  where  speed  and  tension  eontrol  are  more  important. 

A  Series-Conneeted  DC  motor  still  uses  a  field  and  an  armature  eireuit  like  the 
Separate-Winding  Exeitation  and  Shunt-Conneeted  DC  Motor  exeept  the  field  eireuit  is 
eonneeted  in  series  with  the  armature  eireuit.  Conneeting  the  field  and  armature  eireuit  in 
series  eauses  the  field  eurrent  to  equal  the  armature  eurrent.  This  set  up  allows  the  motor 
speed  to  adjust  with  torque  load.  The  advantage  to  Series-Conneeted  DC  Motors  is 
higher  start-up  torque.  Its  disadvantage  is  that  in  only  allows  operation  for  short  periods 
of  time  and  not  eontinuous  operation.  Examples  of  uses  for  series-eonneeted  DC  motors 
inelude  erane  hoists  where  heavy  load  will  be  raised  or  traetion  motors  used  to  drive 
trains  to  get  massive  amounts  of  weight  moving  or  an  automobile  starter  motor. 

A  Compound-Conneeted  DC  Motor  uses  a  eombination  of  both  Shunt  and  Series- 
Conneeted  to  eombine  the  eharaeteristies  of  both.  The  Compound-Conneeted  DC  Motor 
has  to  two  field  eireuits  and  one  armature  eireuit.  One  of  the  field  eireuits  is  eonneeted  in 
parallel  with  the  armature  eireuit,  and  the  other  field  eireuit  is  eonneeted  in  series  with  the 
armature  eireuit.  The  advantage  to  a  Compound-Conneeted  motor  is  that  the  motor  will 
keep  eonstant  speed  regardless  of  load  ehanges  like  the  Shunt-Conneeted  DC  motor  and 
will  respond  better  to  higher  torque  demands  like  the  Series-Conneeted  DC  motor.  Some 
eommon  uses  of  Compound-Conneeted  DC  motors  inelude  elevators,  air  eompressors, 
and  eonveyors. 

2.  DC  Motor  Basic  Concept  and  Equations 

To  understand  how  to  eontrol  or  eommand  output  torque  of  a  DC  motor,  a  review 
some  of  the  basies  of  do  maehine  operations  was  looked  at  to  understand  the  relationship 
of  eleotrio  torque  to  the  field  and  armature  voltages  and  ourrents. 

An  elementary  2-pole  DC  maehine  is  shown  in  Eigure  3  [5].  The  DC  maehine  is 
equipped  with  a  field  winding  wound  on  the  stator  poles,  a  rotor  ooil  (a-a’)  and  a 
oommutator.  A  oommutator  is  a  usually  made  up  of  two  semi-oiroular  oopper  segments 
mounted  on  the  shaft  at  the  end  of  the  rotor  and  insulated  from  eaeh  other.  The  terminals 
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of  the  rotor  coils  are  connected  to  a  copper  segment.  Stationary  carbon  brushes  ride  upon 
the  copper  segments  so  that  the  rotor  coil  is  connected  to  a  stationary  circuit  by  a  nearby 
frictionless  contract  [5]. 


Figure  3.  Elementary  2-pole  DC  machine,  from  [5]. 

The  armature  coils  rotate  in  a  magnetic  field  established  by  current  flowing  in  the 
field  winding.  Voltage  is  induced  in  these  coils  by  this  rotation.  The  action  of  the 
commutator  causes  the  armature  coils  to  appear  as  a  stationary  winding  with  its  axis 
orthogonal  to  the  magnetic  axis  of  the  field  winding.  As  a  result,  voltages  are  not 
induced  in  one  winding  due  to  the  time  rate  of  change  of  the  current  flowing  in  the  other 

[4]. 
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These  conditions,  derived  from  [5],  define  the  field  voltage  and  armature 
voltage  (v^)  in  matrix  form  as 


r  d  ^ 

0 

^  dt 

"c" 

(^r^AF 

- 1 

1 

}a_ 

where  and  4  are  the  field  and  armature  currents,  and  are  the  armature  and  field 
resistance,  and  and  are  the  self-inductance  of  the  armature  and  field  windings, 
respectively.  T^^is  the  mutual  inductance  between  the  armature  and  field  windings, 
and  is  the  rotor  speed. 

An  equivalent  circuit  of  a  DC  machine,  shown  in  Figure  4,  defines  where  these 
variables  are  identified.  On  the  right  side  of  Figure  4,  or  the  armature  circuit  side,  the 
voltage  induced  from  the  motor  action  is  equal  to  L^pCoJj- .  This  is  sometimes  referred  to 

as  the  back  emf  L^pCoJj-  also  represents  the  open-circuit  armature  voltage  (v^ )  [5]. 


Figure  4.  Equivalent  circuit  of  a  dc  machine,  from  [5]. 

From  [5],  electric  torque  is  defined  by  its  mutual  inductance  and  the  field  and 
armature  current  as 

■  (2.2) 
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Electric  torque  is  equivalent  to  mechanical  torque  and  is  defined  in  [5]  as 


T,=J^  +  B^cd^  +  T,  (2.3) 

at 

9 

where  J  is  the  inertia  of  the  rotor,  is  the  damping  coefficient,  is  the  load  torque 
that  opposes  the  electric  torque. 


3.  Separate-Winding  Excitation  DC  Motor  Equations 

Separate-winding  excitation  is  a  basic  DC  motor  setup  that  is  similar  to  Figure  4 
with  the  exception  of  a  variable  field  rheostat  is  added  to  the  circuit.  A  field  rheostat  is 
used  to  adjust  the  field  current  in  the  circuit.  In  Figure  5,  an  equivalent  circuit,  similar  to 
Figure  4,  with  a  field  rheostat  is  shown.  Reference  [5]  defines  the  rheostat  as  . 


Figure  5.  Equivalent  circuit  for  separate  field  and  armature  excitation,  from  [5]. 


When  the  DC  motor  is  at  steady  state,  [4]  defines  the  field  voltage  as 

Vf  =  Rflf  .  (2.4) 

The  total  field  resistance  is  equal  to  the  field  rheostat  value  plus  the  field 
circuit  resistance  .  The  capital  letter  denotes  steady  state  values  for  current  and  voltage 
[4]. 

The  armature  voltage  at  steady-state  operation  is  [5] 

K=rJ.+co^L,,I^.  (2.5) 


9 


Rearranging  Equation  (2.5)  to  solve  for  ,  we  get 


j  _^a  f 


(2.6) 


Substituting  Equation  (2.6)  into  (2.2),  we  get 


^r^AF^f 


(2.7) 


The  mutual  induetance  has  a  constant  value.  If  the  field  voltage  and  total 
field  resistance  R^are  held  to  a  constant  value,  /^will  stay  constant.  Therefore, 
reference  [5]  introduces  a  new  variable  to  simplify  the  product  of  these  constants  as 


^AF^ f  • 


(2.8) 


Therefore,  to  simplify  Equation  (2.7)  further,  we  substitute  (2.8)  into  (2.7)  to  get 

V„  -  cok 


Z  =  k. 


a  r  V 


(2.9) 


Erom  Equation  2.9,  we  can  now  predict  the  electric  torque  at  a  given  speed 
a>^  if  the  armature  voltage  is  constant  at  steady-state  conditions.  Inversely,  we  can 
also  predict  co^  at  a  given  for  a  constant  . 


C.  EQUIPMENT  SETUP  FOR  PERFORMANCE  TESTING  OF  THEORY 

Some  of  the  components  used  in  this  experiment  were  the  same  that  were  used  in 
[3]  for  the  purpose  of  follow-on  work  compatibility  with  [3].  The  equipment  used  for 
this  experiment  and  shown  in  Figure  6  and  detailed  in  Appendix  A:  Student  Design 
Center  (SDC)  -  Reference  [8],  Semi-stack  IGBT,  AC/DC  Power  Supply,  175W  DC 
motor.  Electrodynamometer,  Tachometer,  Computer  with  Matlab/Simulink  and  Xilinx 
Software,  and  Oscilloscope  and  Multimeters. 
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Oscilloscope 


Multimeter 
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DC  Motor 


AC/DC  Power 
Supply 
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DC  current 
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Figure  6.  Photograph  of  equipment  used. 
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IMItt 


In  Figure  7,  a  schematic  diagram  of  the  equipment  setup  for  this  experiment  is 


shown. 


Semikron  Box  Separately 

excited  shunt 
field 


Figure  7.  Equipment  Setup  Schematic. 

From  the  AC/DC  power  supply,  the  120  Vdc  constant  source,  node  8,  was  used 
on  the  field  side  of  the  DC  motor  since  a  constant  field  voltage  is  desired.  The  field 
voltage  measured  132  V  but  stayed  constant  with  each  test. 

The  armature  voltage  required  also  needed  to  be  constant,  but  the  variable  source 
in  the  range  0-120  Vdc  was  used  on  the  armature  side  so  that  the  armature  voltage  could 
be  changed  between  tests.  The  variable  voltage  power  supply  connected  with  the  supply 
side  of  the  Semistack-IGBT. 

The  Semistack-IGBT,  manufactured  by  SEMIKRON  and  shown  in  Appendix  A, 
was  used  to  manipulate  space  vector  manipulation  (SVM)  in  [3].  Though  SVM  is  not 
required  for  this  thesis  directly,  the  design  utilizes  an  available  port  on  the  DFIG  side 
SEMISTACK-IGBT  of  [3]. 
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A  square  wave  generator  program,  shown  in  Figures  8  and  9,  was  written  in 
Matlab/Simulink  with  Xilinx  software  to  provide  a  better  eonstant  armature  voltage  than 
that  supplied  direetly  from  the  AC/DC  power  supply.  This  program  was  written  utilizing 
the  same  Chipseope  Interfaee,  Data  Conversion,  and  A-to-D  eonversion,  and  eneoder 
bloeks  of  [3]. 


Figure  8.  Matlab/Simulink  Program  for  eonstant  armature  voltage. 


In1 


Square  Wave  Generator  block  from  Figure  8. 
13 


Figure  9. 


An  electro-dynamometer,  shown  in  Appendix  A,  was  used  to  provide  a  load  to  the 
DC  motor.  At  steady-state  conditions,  the  load  torque  is  equal  to  the  electric  torque 

[5].  The  load  torque  was  increased  or  decreased  on  the  dynamometer  by  adjusting  the 
amount  of  AC  current  supplied  to  the  dynamometer.  The  dynamometer  measured  load 
torque  in  pound-force-inches  (Ibf-in). 

Measurements  of  torque  and  speed  were  taken  at  three  different  armature  voltages 
to  profile  and  measure  the  Labvolt,  DC  motor.  These  measurements  will  also  help  to 
identify  the  values  of  ky,  Lap,  Rf,  which  are  not  listed  on  the  specifications  sheet  in 
Appendix  A. 

D.  RESULTS 

In  this  section,  the  Separate-Winding  Excitation  DC  motor  theory  is  validated. 
The  results  of  the  following  tests  can  be  used  to  profile  the  Labvolt  DC  machine  for 
future  research.  Tests  were  completed  at  three  different  supplied  armature  voltages  and 
graphed  to  profile  the  torque  versus  speed  profile. 

1.  Initial  Values  and  Measurements 

The  Labvolt  DC  motor,  shown  in  Appendix  A,  is  rated  at  %  shaft  horsepower,  120 
V,  2.8  A,  and  1800  rpm.  The  armature  and  field  resistances  were  measure  using  a 
mulitmeter. 

The  armature  resistance  measured  to  be  8.5  Q  using  a  multimeter.  The 

armature  resistance  was  measured  across  the  armature  terminals  with  the  brushes  of  the 
rotor  in  series  with  the  field  windings. 

The  field  resistance  was  measured  after  the  initial  armature  voltage  was  set 

for  the  first  test.  An  initial  armature  voltage  of  110  V  was  selected  by  adjusting  the 
variable  DC  voltage  power  supply  until  the  average  voltage  across  the  motor  measured 
110  V  on  an  oscilloscope.  No  load  torque  was  applied  on  the  dynamometer.  The 
rheostat  was  then  adjusted  on  the  field  circuit  so  that  the  initial  test  speed  was  measured 
to  be  1800  rpm  on  the  tachometer.  The  field  resistance  ,  which  is  the  field  resistance 
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plus  the  applied  rheostat  resistanee,  measured  to  be  644  Q  using  a  multimeter.  The  field 
resistanee  was  measured  aeross  the  field  windings  in  series  with  the  adjusted  rheostat. 
For  the  remainder  of  the  test,  the  rheostat  was  looked  in  plaoe  and  never  adjusted  so  that 
remained  oonstant  throughout  all  tests. 

The  DC  maohine  induotanoe  values  were  also  not  initially  known.  The  mutual 
induotanoe  is  the  only  measurement  needed  in  order  to  oaloulate  torque.  The  mutual 
induotanoe  was  oaloulated  using  power  Equations  from  [6]  and  [9].  Power  out  is 
oaloulated  as  the  produot  of  the  torque  and  rotor  speed,  whioh  is  equivalent  to  the 
produots  of  the  armature  and  field  ourrents  and  voltages  supplied  minus  power  losses. 
Equating  these  two  powers,  we  get 

Po.=T,co^=VJa+VfIf-P,„.,.  (2.10) 

Power  losses  are  estimated  by  the  produots  of  the  armature  and  field  resistanoes 
and  ourrents  squared,  negleoting  friotion,  windage,  and  oore  losses  on  the  basis  that  they 
are  minimal.  Power  loss  is  approximately  oaloulated  from 

P,oss=^llr.+l]rf_  (2.11) 

Now  substituting  (2.11)  into  (2.10)  and  solving  for  T^,  we  get 

The  initial  values,  whioh  are  measured  on  an  osoillosoope,  multimeter,  and 
taohometer  to  determine  initial  torque,  are  tabulated  in  Table  1. 
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Table  1. 

Initial  measurements. 

Initial  Measurements 

V. 

no  V 

Vf 

132  V 

h 

0.38  A 

If 

0.20  A 

0)^ 

1800  rpm  =  188.5  rad/s 

8.5  Q 

Rf 

644  Q 

Using  Equation  (2.12)  and  the  initial  values  measured,  we  initially  ealeulated 

(1 10E)(0.38^)  +  (132E)  (0.20^)  -  ((0.38^)"  (8.5Q)  +  (0.20^)'  (644Q)) 

\%%.5rad  !  s  ^ 

T^=02\9N-m 

The  mutual  induetanee  was  then  ealeulated  by  rearranging  Equation  (2.2)  to 

obtain 


^AF 


(2.14) 


Erom  Equation  (2.14),  the  mutual  induetanee  L^p  at  the  initial  test  was  ealeulated 


as 


(0.38^)(0.20^) 


(2.15) 


Erom  Equation  (2.8),  the  eonstant  A:,,  was  ealeulated  as 


k^={2MH)[Q2QA)  =  Q.516A-H 


(2.16) 
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2,  Measured  Values  at  Set  Armature  Voltages 

The  measured  values  at  different  torque  loads,  the  caleulated  mutual  induetanee 
using  Equation  (2.14),  and  the  ealculated  electric  torque  using  Equation  (2.7)  at  set 

armature  voltages  of  110  V,  121  V  and  100  V  are  shown  in  Tables  2  through  4.  The 
calculated  torque  tabulated  in  Tables  2  through  4  was  calculated  using  Equation  (2.12)  in 
units  of  Newton-meters.  The  torque  conversion  factor  to  convert  units  of  Newton-meters 

to  pound-force-inches  is  0.1 1298^^-^  The  calculated  mutual  inductance  listed  in 

Tables  2  through  4  was  calculated  using  Equation  (2.14).  The  torque  value  for  the 
calculated  mutual  inductance  used  the  torque  calculated  by  Equation  (2.12)  in  Newton- 
meters  and  the  measured  field  and  armature  current. 


Table  2.  Measured  values  and  calculated  T  and  L,„  at  =  1 10  V. 

e  At  Cl 


Measured 

Calculated 

Tp{lbf -in) 

y,(y) 

y^y) 

co^  (^rpm) 

LAH) 

T,(N-m) 

Te{lbf-in) 

0 

132 

0.20 

no 

0.38 

1800 

2.88 

0.22 

1.94 

1 

132 

0.20 

no 

0.57 

1750 

2.90 

0.33 

2.93 

2 

132 

0.20 

no 

0.77 

1700 

2.93 

0.45 

4.00 

3 

132 

0.20 

no 

0.93 

1650 

2.98 

0.55 

4.90 

4 

132 

0.20 

no 

1.1 

1600 

3.02 

0.67 

5.89 

5 

132 

0.20 

no 

1.3 

1575 

3.02 

0.78 

6.94 

6 

132 

0.20 

no 

1.5 

1550 

3.01 

0.90 

7.99 

7 

132 

0.20 

no 

1.8 

1500 

3.03 

1.09 

9.64 

8 

132 

0.20 

no 

2.0 

1475 

3.02 

1.21 

10.70 

9 

132 

0.20 

no 

2.2 

1450 

3.02 

1.33 

11.75 

10 

132 

0.20 

no 

2.4 

1400 

3.07 

1.47 

13.02 

11 

132 

0.20 

no 

2.7 

1375 

3.03 

1.64 

14.49 

12 

132 

0.20 

no 

2.9 

1350 

3.03 

1.76 

15.54 

13 

132 

0.20 

no 

3.2 

1325 

2.99 

1.91 

16.94 

14 

132 

0.20 

no 

3.4 

1300 

2.99 

2.03 

17.97 

15 

132 

0.20 

no 

3.8 

1275 

2.92 

222 

19.62 

16 

132 

0.20 

no 

4.0 

1250 

2.91 

2.33 

20.60 
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Table  3.  Measured  values  and  ealeulated  T  and  L,„  at  F  =  121  V. 

e  At  a 


Measured 

Calculated 

T^[lbf -in) 

A  A) 

Kir) 

A  A) 

a>^  i^rpm) 

AAh) 

T^{lbf -in) 

wm 

121 

0.38 

2000 

2.86 

0.22 

1.92 

1 

1^1 

mm 

121 

0.58 

1925 

2.91 

0.34 

2.99 

2 

121 

0.75 

1875 

2.95 

0.44 

3.91 

3 

121 

0.9 

1800 

3.03 

0.55 

4.83 

4 

121 

1.1 

1750 

3.07 

0.67 

5.97 

5 

121 

1.3 

1725 

3.06 

0.80 

7.04 

6 

121 

1.5 

1675 

3.10 

0.93 

8.23 

7 

121 

1.8 

1650 

3.07 

1.11 

9.78 

8 

121 

2 

1600 

3.12 

1.25 

11.03 

9 

121 

2.1 

1575 

3.14 

1.32 

11.66 

121 

2.4 

1550 

3.11 

1.49 

13.21 

11 

121 

2.6 

1525 

3.11 

1.62 

14.29 

12 

121 

2.8 

1500 

3.10 

1.74 

15.38 

13 

121 

3.1 

1450 

3.12 

1.94 

17.15 

14 

121 

3.3 

1425 

3.12 

2.06 

18.24 

15 

121 

3.7 

1400 

3.06 

111 

20.05 

16 

121 

4 

1375 

3.03 

2.42 

21.44 
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Table  4.  Measured  values  and  calculated  T  and  L,„  at  F  =  100  V. 

e  At  a 


Measured 

Calculated 

T^[lbf-in) 

rAn 

I,  (A 

vAy) 

I.A) 

Q}^  {rpm) 

LaAH) 

T,(N-m) 

T,{lbf -in) 

0 

133.1 

0.2 

100 

0.5 

1625 

2.86 

0.29 

2.53 

1 

133.1 

0.2 

100 

0.6 

1575 

2.92 

0.35 

3.10 

2 

133.1 

0.2 

100 

0.8 

1525 

2.95 

0.47 

4.18 

3 

133.1 

0.2 

100 

0.9 

1500 

2.97 

0.53 

4.73 

4 

133.1 

0.2 

100 

1.1 

1475 

2.96 

0.65 

5.76 

5 

133.1 

0.2 

100 

1.4 

1425 

2.97 

0.83 

131 

6 

133.1 

0.2 

100 

1.6 

1400 

2.96 

0.95 

8.40 

7 

133.1 

0.2 

100 

1.8 

1375 

2.96 

1.06 

9.42 

8 

133.1 

0.2 

100 

2 

1350 

2.95 

1.18 

10.45 

9 

133.1 

0.2 

100 

2.2 

1325 

2.94 

1.30 

11.46 

10 

133.1 

0.2 

100 

2.4 

1300 

2.94 

1.41 

12.47 

11 

133.1 

0.2 

100 

2.6 

1250 

2.99 

1.55 

13.75 

12 

133.1 

0.2 

100 

2.8 

1225 

2.98 

1.67 

14.78 

13 

133.1 

0.2 

100 

3.1 

1175 

3.00 

1.86 

16.48 

14 

133.1 

0.2 

100 

3.4 

1150 

2.96 

2.01 

17.83 

15 

133.1 

0.2 

100 

3.8 

1125 

2.88 

2.19 

19.39 

16 

133.1 

0.2 

100 

4.1 

1100 

2.84 

2.33 

20.59 

3,  Results 

From  Tables  2  through  4,  it  was  observed  with  each  increase  in  load  torque  that 
the  rotor  speed  decreased  by  50  or  25  rpm.  The  calculated  mutual  inductance  varied 
slightly  and  ranged  from  2.84  to  3.14  H.  The  average  mutual  inductance  was  calculated 
to  be  2.99  H.  The  standard  deviation  of  the  mutual  inductance  calculated  to  be  0.05, 
0.09,  and  0.07,  respectively. 

The  calculated  output  torque  was  slightly  higher  than  measured  load  torque  in 
every  measured  point.  This  error  is  likely  caused  from  the  windage,  friction  and  core 
losses  discussed  earlier.  Other  causes  of  error  could  be  from  the  calibration  accuracy  of 
the  dynamometer  and  the  measurement  of  the  armature  current  using  an  oscilloscope. 
Using  a  torque  meter  to  measure  torque  would  have  been  a  better  solution  than  relying  on 
armature  current  and  calculated  mutual  inductance  for  torque.  However,  no  torque  meter 
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was  available  at  the  time  of  testing,  and  it  was  assumed  that  load  torque  would  be 
approximately  equal  to  eleetric  torque  output  for  a  separate-winding  exeitation  DC  motor 
from  [4], 

From  the  data  tabulated  in  Tables  2  through  4,  a  plot  of  ealeulated  electrie  torque 
versus  measured  rotor  speed  at  the  three  different  armature  voltages  is  shown  in  Figure 
10.  At  eonstant  voltage,  the  ealeulated  torque  inereases  nearly  linear  as  rotor  speed 
deereases.  For  every  unit  of  torque  in  pound  foree-inehes,  the  rotor  speed  deereased  0.3 
times  the  rotor  speed  in  rpm.  This  was  nearly  linear  beeause  the  ealeulated  mutual 
induetance  was  nearly  eonstant.  At  the  three  different  armature  voltage  tested,  the  linear 
slope  remained  the  same.  The  rotor  speed  was  faster  at  higher  armature  voltage  and  no 
load  torque.  In  conelusion,  we  have  validated  that  torque  is  proportional  to  rotor  speed  at 
a  constant  armature  voltage. 


Electric  Torque  Versus  Rotational  Speed 


Figure  10.  Electric  torque  versus  rotor  speed. 
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E,  CHAPTER  SUMMARY 

The  theory  of  separate-winding  excitation  DC  motor  operations  was  reviewed  in 
this  chapter.  This  theory  was  then  validated  in  an  experiment  to  find  torque  at  a  given 
speed  and  armature  voltage.  The  experiment  showed  that  the  motor  behaved  predictably 
in  the  operating  range  in  which  it  was  tested.  We  will  next  take  the  theory  validated  in 
this  chapter  and  use  it  to  command  the  DC  motor  and  output  desired  torque  through 
Simulink  Modeling  with  Xilinx  embedded  software. 
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III.  COMMANDING  TORQUE 


A.  INTRODUCTION 

Now  that  the  torque  ean  be  predieted  for  a  separate-winding  exeitation  DC  motor 
at  a  eertain  rotor  speed,  the  motor  ean  be  programmed  to  output  a  torque  from  a  user 
interfaee  utilizing  Matlab,  Simulink,  and  Xilinx  software.  An  attempt  at  eommanded 
torque  by  eontrolling  armature  voltage  is  covered  in  this  chapter.  Finally,  commanding 
torque  by  controlling  armature  current  is  covered. 

B,  COMMANDED  TORQUE  BY  CONTROLLING  ARMATURE  VOLTAGE 

1,  Overview 

A  theory  of  controlling  armature  voltage  for  a  given  rotor  speed  and  user-defined 
torque  is  covered  in  this  section.  This  theory  is  then  built  into  Simulink  and  tested  on  the 
separate-winding  excitation  DC  motor  through  Xilinx  software  interface. 

2.  Controlling  Armature  Voltage  Testing 

A  simulink  program,  which  was  written  for  an  existing  DC  motor  controls,  the 
rotor  speed  for  a  separate-winding  excitation  DC  motor  [7].  In  [7],  armature  voltage  is 
the  user-defined  input  to  the  DC  motor,  and  rotor  speed  is  measured. 

We  rewrote  the  program,  which  was  written  for  [7],  to  require  a  user  to  input  the 
desired  torque  vice  the  desired  armature  voltage.  The  DC  motor  is  powered  and 
controlled  based  on  the  user  input. 
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In  order  to  power  the  DC  motor,  the  motor  requires  armature  voltage. 
Rearranging  Equation  (2.9)  to  solve  for  armature  voltage,  we  get 

f  \ 


V=T„ 


\Kj 


+  . 


(3.1) 


the  armature  resistanee  is  still  equal  to  8.5  Q  as  listed  in  Table  1.  We  seleeted  the 
average  mutual  induetanee  to  ealeulate  from  Equation  (2.8)  as 

K  =  =  {2.99H){0.2A)  =  0.6HA  ^3  2) 

The  rotor  speed  co^  was  measured  through  the  eneoder  shown  in  Appendix  A. 
The  only  variable  remaining  to  satisfy  Equation  (3.1)  is  a  user-defined  torque  required  to 
output  the  needed  armature  voltage  to  drive  the  separate-winding  exeitation  DC  motor. 
The  system  needed  to  satisfy  the  desired  output  is  shown  in  Eigure  1 1 . 


Rolor  Speed 


Eigure  1 1 .  Commanding  torque  to  output  torque  system  diagram. 

A  Simulink  program  written  to  refieet  the  desired  system  shown  from  Eigure  1 1  is 
shown  in  Eigure  12. 
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DC  Motor  Torque  Control 


Figure  12.  Simulink  program  for  torque  input  and  voltage  eontrolled  DC  motor. 

In  Figure  12,  the  user-defined  torque  value  goes  from  the  torque  node,  on 
ehipseope  interfaee,  to  the  product  of  r^jk^  and  is  summed  with  the  product  of  and  the 

measured  rotor  speed  from  the  encoder.  This  voltage  is  sent  through  a  gain  and  then 
modulated  through  a  user  defined  duty  cycle  before  being  sent  to  the  analog-to-digital 
signal  block  to  be  sent  to  the  DC  motor. 

The  equipment  that  was  used  and  the  setup  were  the  same  as  in  Chapter  11  from 
Figures  6  and  7.  In  Figure  13,  the  Xilinx  Chipscope  Pro  Analyzer,  Graphical  User 
Interface  (GUI)  was  used  to  active  the  DC  motor  and  the  user  defined  torque  input.  The 
torque  input  is  in  units  of  pounds-force  inches,  and  the  input  units  require  a  modified 
hexadecimal  entry  using  the  datasheet  listed  in  Appendix  D.  Rotor  speed  measurement 
and  DC  voltage  measurement  from  the  power  supply  are  also  shown  Figure  13  using 
regular  hexadecimal  values. 
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Figure  13.  Xilinx  chipscope  pro  analyzer  graphieal  user  interfaee. 


3,  Voltage  Control  of  DC  Motor  Test  Results 

A  torque  meter  was  again  not  available  so  the  output  torque  was  ealculated  from 
Equation  (2.2)  using  measured  armature  eurrent  4  •  Equation  (3.1)  was  used  to  ealeulate 

armature  voltage.  The  results  for  the  eommanded  torque,  voltage  eontrolled  test  are 
shown  in  Table  5. 


Table  5.  Measured  and  calculated  values  for  voltage  control  test. 
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4,  Summary  of  Results 

For  this  test,  sustained  output  torque  could  not  be  achieved.  From  Table  5,  it  was 
observed  again  that  adding  load  torque  causes  the  rotor  speed  to  decrease.  As  rotor  speed 
was  decreased,  the  armature  voltage  was  decreased.  As  the  armature  voltage  was 
decreased,  the  armature  current  was  increased,  and  from  the  torque  Equation  (2.2),  the 
output  torque  was  increased.  This  is  an  unstable  system  since  the  calculated  output 
torque  can  vary  from  load  changes.  For  this  system  to  work,  constant  rotor  speed  is 
required.  The  program  does  not  account  for  load  torque  affecting  rotor  speed.  In  order 
for  this  system  to  work,  the  rotor  speed  has  to  be  held  steady.  In  the  next  section, 
commanding  torque  by  closing  the  controlled  loop  of  the  armature  current  and  not  using 
measured  rotor  speed  as  a  factor  in  applied  power  to  the  DC  motor. 

C.  COMMANDED  TORQUE  BY  CONTROLLING  ARMATURE  CURRENT 

1.  Overview 

In  this  section,  the  torque  of  the  separate-winding  excitation  DC  motor  is  operated 
by  controlling  the  armature  current.  This  theory  is  then  built  into  the  Simulink  program 
and  tested  on  the  DC  motor. 

2,  Controlling  Armature  Current  Testing 

For  this  test,  we  used  the  theory  discussed  earlier  in  relation  to  Equation  (2.2)  to 
output  desired  torque  by  controlling  the  armature  current  though  our  Simulink  Model. 

Rearranging  Equation  (2.2)  to  solve  for  armature  current,  we  get 

T  T 

If  the  user-defined  commanded  torque  was  divided  by  the  known  constant  the 
output  value  is  the  armature  current  needed  to  operate  the  DC  motor  at  the  desired  torque. 
The  constant  A:^.used  is  the  same  as  calculated  for  Equation  (3.2).  The  armature  current 
was  controlled  by  a  Proportional-Integral  (PI)  controller  to  modulate  commanded  current 
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with  measured  current  to  close  the  loop  on  the  current  to  the  DC  motor.  If  the  armature 
current  is  constant  through  any  load  and  rotor  changes,  the  output  torque  will  remain 
constant. 


The  equipment  that  was  used  and  the  setup  was  the  same  as  in  Chapter  II  from 
Figures  6  and  7.  The  Simulink  model  from  Figure  12  was  altered  to  command  torque  by 
controlling  the  armature  current  as  shown  in  Figure  14.  The  GUI  that  was  used  was  the 
same  as  in  the  last  section  shown,  in  Figure  13,  and  used  the  same  hexadecimal  datasheet 
from  Appendix  D. 


DC  Motor  Torque  Control 


K 


System 

Generator 


in4 

In3 

Run 

In1 

torque 

I  I  I 

OL 

devoirs 

speedin 

load.duty 

reinteiprei  -i  — 


Chipscope  interface 


chf 


AioD  conversionl 


Outl 

0ut2 

Outs 

0ut4 


afmature_curTent 


AtoD  conveision2 


LC  output,  R  load 


modulation 


reset 

la_comm3nd 

duty 

Fix  16  16 

la_meas 

Current  PI  controller 


Figure  14.  Simulink  program  for  torque  input  and  current  controlled  DC  motor. 
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3. 


Current  Control  of  DC  Motor  Test  Results 


The  electro-dynamometer  is  still  assumed  as  not  a  reliable  way  to  measure  output 
torque.  Again  with  no  torque  meter  available,  the  output  torque  was  again  calculated 
from  Equation  (2.2)  using  the  measured  armature  current  4  •  The  results  for  commanding 
torque  by  controlling  the  armature  current  test  are  shown  in  Table  6. 


Table  6.  Measured  and  calculated  values  for  current  control  test. 


Commanded 

Measured 

Calculated 

Notes 

T,{lbf-in) 

T^{lbf-in) 

[rpm) 

K{v) 

‘M) 

Te{lbf -in) 

4 

1.3 

1900 

no 

0.55 

2.92087 

See  Figure  15 

4 

1.6 

1000 

55.2 

0.56 

2.97398 

4 

1.6 

1500 

85.9 

0.55 

2.92087 

See  Figure  16 

8 

6 

1500 

98.5 

1.43 

7.59426 

See  Figure  17 

8 

6 

100 

5.95 

1.44 

7.64737 

8 

6 

1300 

82.1 

1.41 

7.48805 

See  Figure  18 

8 

6 

1800 

120 

1.43 

7.59426 

12 

10.5 

100 

13.1 

2.29 

12.1614 

12 

10 

200 

17.4 

2.3 

12.2146 

A  few  examples  of  oscilloscope  measurements  of  the  armature  voltage  and 
currents  are  shown  in  Figures  15-18.  The  top  waveform  in  each  figure  shows  the 
armature  voltage,  and  the  bottom  waveform  shows  the  armature  current. 
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Ch2  Mean 
110  V 


Ch3  Mean 
550mA 


21  Nov  2010 
16:13:45 


Figure  15.  Armature  voltage  and  eurrent  at  4  Ibf-in  eommanded  and  1900  rpm. 


Ch2  Mean 
85.9  V 


Ch3  Mean 
552mA 


21  Nov  2010 
16:08:09 


Figure  16.  Armature  voltage  and  eurrent  at  4  Ibf-in  eommanded  and  1500  rpm. 
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Ch2  Mean 
98.5  V 


Ch3  Mean 
1.43  A 


21  Nov  2010 
16:16:32 


Figure  17.  Armature  voltage  and  eurrent  at  8  Ibf-in  eommanded  and  1500  rpm. 


Ch2  Mean 
82.1  V 


Ch3  Mean 
1.41  A 


21  Nov  2010 
16:18:47 


Figure  18.  Armature  voltage  and  eurrent  at  8  Ibf-in  eommanded  and  1300  rpm. 
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4,  Summary  of  Results 

From  Table  7,  we  ean  see  that  torque  stayed  eonstant  beeause  the  armature  eurrent 
stays  eonstant  regardless  of  the  load  or  rotor  speed.  When  eomparing  Figure  15  to  Figure 
16  and  Figure  17  to  Figure  18,  we  can  see  that  the  armature  current  stayed  constant  at 
different  rotor  speeds.  As  more  load  torque  is  applied,  the  rotor  speed  and  the  armature 
voltage  decreased,  but  the  armature  current  stayed  constant  at  the  user  commanded  torque 
input  value. 

D,  CHAPTER  SUMMARY 

In  this  chapter,  two  attempts  at  commanding  torque  through  a  Graphical  User 
Interface  (GUI)  were  completed.  For  the  first  attempt,  the  DC  motor  was  controlled  by 
changing  armature  voltage  to  control  the  electric  torque.  This  achieved  an  output  torque 
to  the  motor  but  varied  because  the  calculation  relied  upon  a  rotor  speed  measurement 
feedback  that  varied  as  load  on  the  motor  changed.  The  varying  rotor  speed  caused  the 
applied  armature  voltage  and  currents  to  change,  which  varied  the  electric  torque  output. 
Finally,  the  DC  motor  torque  was  commanded  by  controlling  the  armature  current 
independent  of  rotor  speed.  This  allowed  for  a  successful  user  commanded  torque  to 
output  torque  regardless  of  the  rotor  speed. 
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IV.  CONCLUSIONS  AND  FUTURE  RESEARCH 


A.  CONCLUSIONS 

In  summary,  a  program  that  commands  torque  to  a  separate-winding  excitation 
DC  motor  was  created,  simulated,  and  tested  using  standard  engineering  principles  and 
theory.  The  program  was  designed  around  the  theory  of  separate-winding  excitation  DC 
motor  operation.  A  test  was  eondueted  that  validated  how  the  separate-winding 
exeitation  DC  motor  operates,  and  then  the  torque  commanding  program  was  built  to 
output  the  correet  desired  torque  to  the  DC  motor.  The  final  experimental  results  showed 
that  the  system  responded  aeeording  to  theory. 

With  this  baseline  way  to  eommand  torque  to  a  DC  motor,  the  Naval  Postgraduate 
Sehool  ean  now  apply  this  eoneept  to  eommand  torque  to  drive  other  systems  sueh  as  the 
DFIG  eontrol  system  [5]  or  other  laboratory  researeh  and  future  work.  A  profile  of 
behavior  of  torque  versus  rotor  speed  at  a  given  armature  voltage  for  the  Labvolt  DC 
motors  is  also  provided.  The  future  researeh  on  this  topic  will  be  above  and  beyond 
current  publieations  and  will  have  an  enabled  freedom  to  exploit  the  abilities  of  the  DC 
motor. 

B,  FUTURE  RESEARCH 

The  DC  motor  can  be  profiled  and  programmed  for  shunt-eonneeted,  series- 
eonneeted,  or  compound-connected  operation.  The  theory  can  be  studied  to  profde  how 
the  Labvolt  DC  motor  behaves  under  different  operating  eonditions.  The  output  torque 
ean  be  commanded  in  the  same  manor  diseussed  in  this  thesis. 

Secondly,  the  eommanded  torque  program  can  be  tested  on  the  DFIG  system  [5] 
to  test  at  fixed  steady-state  defined  torque  from  the  DC  motor.  This  should  be  completed 
to  further  validate  that  torque  ean  be  eommanded  to  another  system  other  than  a 
dynamometer. 
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Third,  a  Matlab/Simulink  programming  can  be  written  output  random 
eommanded  torque  from  the  DC  motor.  A  program  written  for  random  torque  ean  be 
used  to  simulate  random  wind  input  to  a  DFIG  system  from  [5]  or  other  laboratory 
researeh. 
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APPENDIX  A:  DATASHEETS 


SEMISTACK  -  IGBT 


Three-phase  recti1ier  + 
inverter  with  brake 
chopper 


SEMrTEACH  -  IGBT 
SKM50GB  123D 
SKO$1 
P3/250f 

Features 


Circut 

Ve^Vaanai 

Types 

B«Cl 

30 

aao/TSO 

SEMiTEACH  -  IGBT 

Symbol 

CortdIUons 

Values 

Units 

U. 

neovertoed 

30 

A 

IGBT  .JxSKMbduy  tzro 

Vos 

1200 

V 

Vci{SAri 

Vccfi 

Ic-SOA.V®.  15V,  chp level:  T|«  25<12S)-C 

^7^3.5) 

*20 

V 

V 

Ic 

bi 

25  (90)^1: 

25  {90)®C;  I,.  Iftts 

S0<40t 
too  (SO) 

A 

A 

necBer-IxSWJSrfU 

wnnoui  Mlar 

3x  490 

V 

wntbRIor 

3x380 

V 

Cifii 

VoCra.* 

IX,  capaolor  Dank  •  klsctroiyac  a 

lotel  «9vv»ieni  cipK^ance 

max.  OC  voltago  applied  to  mo  capacitor  bank 

IWI9K 

7SO 

pFIV 

V 

□nvet-  4x  SKHI  22 

Power 

supply 

Currwt 

ons 

V 

tnn 

max.  perdiivar 

IS 

mA 

TR5f?S3" 

inp 

Normaey  Opon  typo  <NO) 

71 

-c 

•  Mult>-hjnctx>n  IGBT  convetter 

•  Transparenl  endoaufe  to  alaw 
vtuiabaliofi  of  every  p«i1 

•  P2x  protection  to  mmeTiizo 
safety  ha2ar(is 

•  Extesnul  banana/BNC  type 

conooctore  for  all  devices 

•  Intesrated  drive  unit  offering 
short-circuit  dotocboiVcut-ofl. 
power  supply  failure  detecPon. 
interfocli  of  IGBTs  --  galvanic 
isolation  of  the  user 

•  Forced-air  cooled  heatssik 

Typical  Applications 

•  Education:  One  stack  can 
simulale  almosi  all  existing 
ndustrial  applicabons: 

•  3-phase  mverterv-brake  chopper 

-  Buck  or  bocet  converter 

•  Single  phase  nverter 

•  Single  or  3-phesa  rectifier 

*>  nulfr  non-conttaclual 


General  dhnen  Slone 


BSUeBOCieElCKF 


This  technical  inlannatianspeciliesssiTioanducior  devices  but  pnomisea  no 
cnaractonsocs  No  wairamy  or  guarantoo  oxprosscd  or  impliod  e  made  rogaraing 

deiiveiy.  pertormance  or  sutatxtty 


Power  Bectronlc  Syetemi  -  SEMSTACK 


OB-OS-SOH  ObySEMIKRON 
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Model  821 1  DC  Motor.Generator 


Th«  mactwie  can  be  njn  ndefcrxlently  as  a  DC  nwtor 
or  a  X  generator.  Tbe  armatufe.  Shunt  field,  and  senes 
fiek]  wirxings  are  teminated  separately  on  the  faceplate 
to  permit  long  aryl  short  shurt  as  \Ml  as  curuiatNely 
and  differeryiaiv  orpouided  motor  and  gerrerator  corv 
nectons  This  macTine  is  fitted  with  exposed  movable 
brtjshes  to  allow  students  to  study  the  effect  of  armatjre 
reaction  and  commutation  My  le  the  rrachme  IS  operaUng 
under  load  An  rdependent.  drcut-  breaker  protected, 
stut-fielo  rheostat  is  mounted  on  the  faceplate  kx^  motor 
speed  control  or  generator  oubut  voltage  adjustment 


SPECIFICATIONS 


Uod«l  8211  DC  MoUii'/G»neratflr 

12IM208V.  CO  Hz 

220080  V.  SO  Hz 

240(415  V.  SO  Hz 

Power  R'equrwn*** 

taa^oev 

220380  V 

240415  V 

RiU\g  Motor  Output  Power 

Generator  Output  Power 
Artrvaeir*  Vottao* 

Shine  Fdd  Voka^e 

Fill  Load  Sp««d 

Ful  Load  Uotor  Cunru 

Full  Load  Gerterator  Current 

175  w 

120  W 

now 

120W 

I20V-OC 

220V-OC 

240  V- DC 

120V-DC 

220  V- DC 

240  V- DC 

1800 

I500r»nin 

1600  r^ 

28A 

13A 

l.tA 

1  A 

0.5  A 

0.5  A 

Phrye«ai  CiiaraoMnttict  Oenentiofn  (H  x  W  x  0) 

Net  Vtteght 

308  x  301  x440mm(12tx  I15xl7.3n) 

14.1  kg  (31b) 

36 


Model  8911  —  Elactrodynamometer 


The  Model  891 1  Electrodynamometer  is  equipped  v/ith 
a  clear  plasti  c  faceplate  fitted  with  a  chrome  piano  hinge 
It  can  be  coupled  to  a  0 .2-kWdrtve  motor  th  rough  the  use 
of  the  Timinq  Belt  (Model  8942t.  The  faceplate  cart  be 
lowered  to  p'tovide  access  to  the  inside  for  coupling  the 
Electrodynamometerto  the  drive  motor.  Wh  en  closed,  the 
faceplate  is  secured  by  N/o  quick-lock  fasteners. 

The  Electrodynamometeris  made  of  a  squirrel-cage 
rotor  fitted  in  a  DC-excited  stator.  Mechanical  loading  is 
achieved  by  increasing  the  stator  field  current,  which 
generates  eddy  currents  in  the  driven  rotor.  The  stator  is 
trunnion-mounted  on  ball  beanngs  an d  rotates  again  st  a 
helicoidal  sp  ring  to  oppose  braking  torque.  The  front  end 
bell  is  provided  with  a  circular  scale  that  indicates  the 
torque  developed  The  circular  scale  is  graduated  In 
either  Imperial  units  (Ibf-in,  Model  8911)  or  Methc  units 
(N-m.  Model  691 1- 1 )  depending  on  model  numbers.  The 
Electrodynamometer  is  electrically  powered  from 
standaid  fixed  AC  line  supply. 


SPECIFICATIONS 


Model  B911  EleetredynMiomeler 

120/20BV-60  Hz  |  220/380  V  -  S 0  Hz  240/4-16  V- 50  Hz 

Rating  Torque  Range  (S9t  1-1) 

Torque  Range  (891 1) 

Speer) 

Accuracy 
Input  Voltage 

Input  Current 

-0  3to  -S  N-m 

-3  to  +27  IMin 

250  to  yOOO  nVnin 

2»i 

I20V-AC 

220-240  V- AC 

2A 

09A 

Physical  Chaiaciensiics  Dimensions  (H  x  W  x  □) 

Na<  Weight 

308x291  X  490  mm  (12  t  x  11 .6x  193  in) 

17.11(9(38.318) 
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POWER  SUPPLY 
MODEL  8821 


The  Power  Supply  provides  fixed  and  variable  AC 
ary)  DC  woltag#  sourcee.  an  terrmnated  by  color ^oded 
4  mm  safety  sockets  Inrlependent  circuit  breakers,  reset 
at  the  front  panel,  protect  the  input  to  arvd  output  from  the 
Power  Supply.  Indicator  lamps  monitor  the  presence  of 
nput  vottape  in  each  phase  When  a  phase  leg  of  the 
site's  power  service  is  out.  the  lamp  goes  off  to  reflect  tha 
condition. 


A  voltmeter,  connected  through  a  selector  switch, 
monitors  the  variable  AC  and  DC  outputs  and  ffied  DC 
output  A  24  V  AC  output  provides  a  low-voltage  supply 
required  to  operate  other  EMS  eouipm  ent  such  a  s  meter¬ 
ing  modules  and  modules  used  in  the  Power  Electronics 
Traminq  System 


SPECIFICATIONS 


Uodfl  S821  -  Power  Supply 
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Input  bna  VoRage 

bne  Current 

Swvie*  msuajoen 
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220380  V 

240/415  V 
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gnK^ 

Outputs  Foad  AC  J-Piute 

VjnaMAC34dijM 
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APPENDIX  B:  MATLAB  M-FILES 


A,  MATLAB  INITIAL  CONDITIONS  FILE 
Dergesic.m 

open_loop=0  ;  %Set  to  one  for  open  loop  operation  else 

zero  for  closed  loop  voltage  regulation 

Kp  i=.06*2;  %current  PI  gain  is  amplified  to  account  for 

modulation  scaling 

Ki  1=1*3;  %Current  control  loop  gain 
Kp  v= . 2 ; 

Ki  v=l . 5 ; 

f_clock;=24e6; 

sw_freq=15000; 

sw  counter=round ( f  clock/sw  freq-mod(f  clock/sw  freq,10));  i 

for  sawtooth  for  switching  modulo  10  used  so  step_ct  can  be  10 
Vdc=4  8 ; 

oversample=4 ;  %1  4  work 

fin=100; 

Kv=  0.6; 
ra=8 . 5 ; 


%step_ct=10; 
step_ct=l ; 

tstep  =  step_ct/f_clock; 

F_mat  =  [0  0  0  1;1  1  2  0;2  2  3  0;3  3  0  0]; 
0  mat  =  F  mat; 


S-S-S-S-S-S-S-S-S-S-S-S-S-S-S-S-S-S-TTnc'nHo-r 

OOOOOOOOOOOOOOOOO  OlliiiC.CJ'J.CiX 

Vt:::C.LCJXooooooooooooooooooooooooooooooooooooo 


Indexl= [1:2^12] ; 
reciprocall=2  "'-S  .  /  Indexl ; 


oooooooooooooo 


0  0,0,0, 
o  o  o  o 


Encoder 


Vector 

output 


g,  g,  g, 
o  o  o 

[0; 

ooooooooo 

g,  g, 
o  o 

9'9-9'9-9'9-9'9-9- 

ooooooooo 

g,  g,  g, 
o  O  0 

g,  g,  g, 
o  o  o 

g,  g,  g,  g, 
o  o  o  o 

g,  g,  g,  g, 
o  o  o  o 

0;  . 
2;  . 

. . %Motor 

is 

turning 

in 

the 

ccw 

falling  edge 

1;  . 

. . %Motor 

is 

turning 

in 

the 

cw 

falling 

edge 

1;  . 

. . %Motor 

is 

turning 

in 

the 

cw 

rising 

edge 

2;  . 

. . %Motor 

is 

turning 

in 

the 

ccw 

rising 

edge 

0;  . 

0]  ; 


9-9-5-9-5-9-5-Q-5-9-5-9-5-9-5-Q-5-9-5-9-5-9-9-Q-5-9-5-Q-5-9-5-Q-5-9-5-Q-5-9-5-Q-5-9-5-Q-5-9-9-Q-5-9-5-Q-5-9-5-Q-5-9-5-9-5-9-5-Q-0 

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooc 


g,  g,  g,  g, 
o  o  o  o 


set  to 
the  SV 


Counter 


Speed 


g,  g,  g,  g,  g,  g, 
o  o  o  o  o  o 
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B.  MATLAB  FILE  USED  FOR  RAMP  IN 
ramp2mod.m 

function  z  =  rainp2  (x) 

gain=xf ix ( { xl Signed, 20,  19},  1/1602) 

z=xf ix ( { xl Signed, 14 , 13 } , x*gain) ; 


C.  MATLAB  M-FILES  FOR  CHIPSCOPE  INTERFACE 
Black_box_dc_machine2_config,m 

function  code  config(this  block) 

%  Revision  History: 

g, 

o 

%  Ol-Nov-2010  (11:34  hours): 

%  Original  code  was  machine  generated  by  Xilinx' 

Generator  after  parsing 

%  C:\Derges\black  box_wspeed . vhd 

g, 

o 

g, 

o 


this  block. setTopLevel Language ( ' VHDL ' ) ; 
this_block . setEntityName ( ' code ' ) ; 

%  System  Generator  has  to  assume  that  your  entity 
combinational  feed  through; 

%  if  it  doesn't,  then  comment  out  the  following  line: 
this  block . tagAsCombinational ; 

this  block. addSimulinkInport ( ' ind ' ) ; 
this  block. addSimulinkInport ( ' speedin '  )  ; 
this  block. addSimulinkInport ( ' dcvolts '  )  ; 
this  block. addSimulinkInport ( ' ila_clock ' ) ; 
this  block. addSimulinkInport ( ' ind2 ' ) ; 

this  block. addSimulinkOutport ( ' outd ' ) ; 
this  block. addSimulinkOutport ( ' open_loop ' ) ; 
this  block . addSimulinkOutport ( ' torque_lbf_in ' ) ; 
this_block . addSimulinkOutport ( ' load_duty ' ) ; 

outd_port  =  this_block . port (' outd ') ; 
outd_port . setType ( ' UFix_l_0 ' ) ; 

open_loop_port  =  this_block . port ( ' open_loop ' ) ; 
open_loop_port . setType ( ' UFix_l_0 ' ) ; 

torque  Ibf  in  port  =  this  block . port (' torque_lbf_in ') ; 
torque_lbf_in_port . setType ( ' UFix_8_0 ' ) ; 
load_duty_port  =  this_block . port ( ' load_duty ' ) ; 
load_duty_port . setType ( ' UFix_8_0 ' ) ; 


System 


has  a 
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g, _ _ _ 

o 

if  (this  block . inputTypesKnown) 

%  do  input  type  checking,  dynamic  output  type  and  generic  setup  in 
this  code  block. 

if  (this  block . port (' ind ')• width  ~=  1); 

this  block .  setError  (' Input  data  type  for  port  "ind"  must  have 
width=l . ' ) ; 
end 

if  (this  block . port (' speedin '). width  ~=  12); 

this  block . setError (' Input  data  type  for  port  "speedin"  must  have 
width=12 .  '  )  ; 
end 

if  (this  block . port (' dcvolts '). width  ~=  8); 

this  block . setError (' Input  data  type  for  port  "dcvolts"  must  have 
width=8 . ' ) ; 
end 

if  (this  block . port (' ila_clock '). width  ~=  1); 

this  block . setError (' Input  data  type  for  port  "ila_clock"  must 
have  width=l . ' ) ; 
end 

this  block. port ( ' ila_clock' ) . useHDLVector (false) ; 

if  (this  block . port (' ind2 '). width  ~=  48); 

this  block .  setError  (' Input  data  type  for  port  "ind2"  must  have 
width=4  8 . ' ) ; 
end 

end  %  if ( inputTypesKnown) 

g, _ _ _ _ _ 

o 


if  (this  block . inputRatesKnown) 
setup_as_single_rate ( this_block, 
end  %  if ( inputRatesKnown) 


elk' 


'  ce '  ) 


%  (!)  Set  the  inout  port  rate  to  be  the  same  as  the  first  input 
%  rate.  Change  the  following  code  if  this  is  untrue. 

uniqueInputRates  =  unique (this  block . getInputRates ) ; 


%  Add  addtional  source  files  as  needed. 

s-  I _ 

^  I 

%  I  Add  files  in  the  order  in  which  they  should  be  compiled. 
%  I  If  two  files  "a.vhd"  and  "b.vhd"  contain  the  entities 
%  I  entity_a  and  entity_b,  and  entity_a  contains  a 
%  I  component  of  type  entity_b,  the  correct  sequence  of 
%  I  addFileO  calls  would  be; 
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this  block . addFile (' b . vhd ') ; 
this  block . addFile (' a . vhd ') ; 


%  this_block . addFile ; 

%  this_block . addFile ; 

this  block . addFile (' black  box_wspeed . vhd ' ) ; 

return; 


function  setup  as  single  rate (block, clkname, cename) 
inputRates  =  block . inputRates ; 
uniqueInputRates  =  unique ( inputRates ) ; 

if  ( length (uniqueInputRates ) ==1  &  uniqueInputRates ( 1 ) ==Inf) 

block . addError (' The  inputs  to  this  block  cannot  all  be  constant.'); 
return; 
end 

if  (uniqueInputRates (end)  ==  Inf) 
hasConstantInput  =  true; 

uniqueInputRates  =  uniqueInputRates ( 1 : end-1 ) ; 

end 

if  ( length (uniqueInputRates )  ~=  1) 

block . addError (' The  inputs  to  this  block  must  run  at  a  single 
rate .  '  )  ; 

return; 

end 

theInputRate  =  uniqueInputRates ( 1 ) ; 
for  i  =  1 : block . numSimulinkOutports 

block. outport (i) . setRate (theInputRate) ; 

end 

block. addClkCEPair (clkname, cename, theInputRate) ; 
return; 
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APPENDIX  C :  SIMULINK/XILINX  MODEL  OF  COMMAND 
TORQUE,  CURRENT  CONTROLLED  DC  MOTOR 


Figure  19.  Overall  system. 
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Figure  20.  Chipscope  interface. 
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Figure  21.  Current  PI  controller. 
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Figure  22.  Modulation. 


Logical 


Figure  23. 


Subsystems  from  modulation. 
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APPENDIX  D:  COMMANDED  TORQUE  HEXADECIMAL  INPUT 


Torque  (Ibf-in) 

Hexadecimal  Input 

Torque  (Ibf-in) 

Hexadecimal  Input 

0 

00 

6.75 

IB 

0.25 

01 

II 

7.0 

1C 

0.5 

02 

7.25 

ID 

0.75 

03 

7.5 

IE 

1.0 

04 

7.75 

IF 

1.25 

05 

8.0 

20 

1.5 

06 

8.25 

21 

1.75 

07 

8.5 

22 

2.0 

08 

8.75 

23 

2.25 

09 

9.0 

24 

2.5 

OA 

9.25 

25 

2.75 

OB 

9.5 

26 

3.0 

OC 

9.75 

27 

3.25 

OD 

10.0 

28 

3.5 

OE 

10.25 

29 

3.75 

OF 

10.5 

2A 

4.0 

10 

10.75 

2B 

4.25 

11 

11.0 

2C 

4.5 

12 

11.25 

2D 

4.75 

13 

11.5 

2E 

5.0 

14 

11.75 

2F 

5.25 

15 

12.0 

30 

5.5 

16 

12.25 

31 

5.75 

17 

12.5 

32 

6.0 

18 

12.75 

33 

6.25 

19 

13.0 

34 

6.5 

lA 

13.25 

35 
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Torque  (Ibf-in) 

Hexadecimal  Input 

Torque  (Ibf-in) 

Hexadecimal  Input 

13.5 

36 

17.0 

44 

13.75 

37 

II 

17.25 

45 

14.0 

38 

17.5 

46 

14.25 

39 

17.75 

47 

14.5 

3A 

18.0 

48 

14.75 

3B 

18.25 

49 

15.0 

3C 

18.5 

4A 

15.25 

3D 

18.75 

4B 

15.5 

3E 

19.0 

4C 

15.75 

3F 

19.25 

4D 

16.0 

40 

19.5 

4E 

16.25 

41 

19.75 

4E 

16.5 

42 

20.0 

4G 

16.75 
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